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Abstract—The effect of hydrogen on temperature dependences of axial stresses c..(7), shape memory effect,

and superelasticity of [T 11 J-oriented Ti—50.7% Ni (at %) alloy single crystals has been studied under tensile
strain in a single-phase state. It is established that the level of 6.(M,) and .. (B2) stresses is determined by

the state of hydrogen (in solid solution or titanium hydride particles) in the initial B2 phase. Superelasticity
up to 2.0—2.5% occurs when hydrogen is present in the solid solution.
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Nickel titanium (TiNi) alloys are widely used in
technology and medicine due to their unique func-
tional properties—shape memory effect (SME) and
superelasticity (SE) [1, 2]. As is known [2], both com-
ponents (nickel and titanium) of TiNi alloys are
hydride-forming metals. Investigations of the effect of
hydrogen on the martensite transformations (MTs) in
TiNi polycrystals [2—5] have shown that the presence
of hydrogen changes start temperature M, of the for-
ward MT on cooling, decreases stability of the crystal-
line lattice of the B2 phase, reduces plasticity at high
hydrogen concentrations, and favors the formation of
oriented martensite during hydrogenation [3, 4].

The present work was aimed at determining the
influence of hydrogen on temperature dependences of
critical axial stresses o,(7) in a temperature interval of
T = 173—473 K and on the SME and SE effects in

[111 J-oriented Ti—50.7% Ni (at %) alloy single crys-
tals under tensile strain in a single-phase state. The
study on single crystals allow to exclude inhomogene-
ity of hydrogen distribution between the volume and

boundaries of grain. The [111] orientation of single
crystals for studying the effect of hydrogenation was
selected due to its maximum recoverable strain (g, =
9.8%) in tension for B2—B19' MT [6].

Single crystals of Ti—50.7% Ni (at %) alloy were
grown in a helium atmosphere using the Bridgman
technique. The as-grown samples were homogenized
at 7= 1173 K for 12 h in an inert gas atmosphere, fol-
lowed by quenching in water. The orientation of crys-
tals and their phase composition were determined by
X-ray diffraction on a DRON-3 instrument using
FeK, radiation. The samples for tensile testing were
shaped as standard double pads with 12 x 2.5 x I-mm
working part dimensions. The samples were electro-
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chemically hydrogenated in aqueous 4% H,SO, solu-
tion at 7= 295 K and current density j = 1400 A/m?
for a period of time within 2—4 h in a cell with an aus-
tenite stainless steel anode. The mechanical tensile
tests were carried out on an Instron 5969 machine at a
straining rate of 4 x 10~*s~! at temperatures from 173
to 473 K. The characteristic MT temperatures were
determined by the well-known method using charac-
teristic bending points on temperature dependences of
electric resistivity p(7).

Single-phase single crystals of Ti—50.7% Ni (at %)
alloy exhibit a single-stage B2—B19' MT with the fol-

Mechanical and functional characteristics of B2—B19' MT

in [111] single crystals of Ti—50.7% Ni (at %) alloy before
and after hydrogenation

Characteristics Without
of B2—B19' MT H, | 20H2 | 4hH,
M, K atc=0MPa 175 200 223
MT temperatures
at o =75 MPa:
M, K 214 207 231
M7, K 178 117 145
A7 K 235 216 243
A7 K 272 268 275
A,/A, under 6, K 36/37 | 90/52 | 86/32
I/, K 58/57 | 61/99 | 44/98
6. (M)/5.,(400 K), MPa| 25/530 | 40/650 | 80/560
o = do,,/dT, MPa/K 4.26 4.6 4.6
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lowing start and finish temperatures for the forward
(cooling) and reverse (heating) transitions: M= 175 K,
M:= 133 K, A, = 192 K, and A4; = 233 K. Figure 1
shows the temperature dependences of axial stresses
o, in tensile-strained TiNi single crystals measured
before and after hydrogenation. As can be seen, c..(7)
curves in both cases reveal three stages analogous to
those usually observed in alloys subject to strain-
induced MT [1]. For hydrogen-free crystals, a com-
parison of the values of start and finish temperatures
for the forward and reverse MTs (M, M;, A,, A;) deter-
mined from the p(7) curve to the stages of o (7)
curves shows the following.

The first stage observed for 173 K < T'< M, is char-
acterized by the normal temperature dependence of
o.., Which is related to the thermoactivated motion of
intervariant and twin boundaries of B19' martensite
[1]. The minimum stresses ., on the c..(7) curve are
observed at T'= M, which coincides with tempera-
ture M, determined from the p(7) curve. The maxi-
mum &, values on the . (7) curve correspond to
temperature M, at which the strain-induced MT start
stress is equal to the plastic flow stress of the high-tem-
perature B2 phase. The second stage, which corre-
sponds to M, < T < My, is characterized by an anoma-
lous temperature dependence of G, which is related
to the strain-induced nucleation of B19' martensite
crystals [1]. The o (7T) curve at this stage is described
by the Clapeyron—Clausius equation

g Ty
where AH is the change in the enthalpy upon the B2—
B19' MT, ¢, is the orientation-dependent lattice defor-
mation, and 7} is the temperature of chemical equilib-
rium of the B2 and B19' phases. At T> M,, the ¢_(7)
curve reveals the third stage, which is related to the plastic
deformation of a high-temperature B2 phase.

Analysis of the data presented in Fig. 1 and the
table leads to the following conclusions. First, hydro-
gen increases the M, value as compared to that for the
same alloy without hydrogen. Upon hydrogenation for

2 h, this value changes by AM, = MSH —M0)=25K

(where M? and M(0) are the MT start temperatures

in hydrogenated and hydrogen-free crystals, respec-
tively), while the hydrogenation for 4 h increases this
value to AM; = 48 K in agreement with the data for
TiNi polycrystals with similar compositions [3]. Sec-
ond, hydrogenation leads to an increase in the critical

stress at 7'= M, by Ac (M) = Gcr(]\/ls)—cg (M,) and
for the high-temperature B2 phase Aol (400 K) =

Gfrz(H) (400 K)—crfr2 (H) (400 K) as compared to hydro-
gen-free crystals. Third, saturation with hydrogen
leads to an increase in the value of o = do,/dT.
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Fig. 1. Temperature dependences of critical axial stress o,

in tensile-tested single-phase [i 11 ] single crystals of Ti—
50.7% Ni (at %) alloy before and after hydrogenation.

Figure 2 presents results of investigation of the
SME effect by cooling/heating at a tensile stresses
75 MPa in the interval of test temperatures from 77 to
400 K. Figure 3 shows the stress—strain (c—e) curve
measured in tension upon 2-h hydrogenation. As can
be seen from Fig. 2, both hydrogen-free and hydroge-
nated crystals at o = 75 M Pa are subject to single-stage
B2—B19' MT that is fully reversible upon heating and
exhibit the SME effect. The SME effect magnitude
egmE in hydrogen-free crystals is 9% and close to theo-
retically calculated value of lattice deformation g, =

9.8% for B2—B19' MT in a [111 J-oriented crystal in
tensiion [6]. Upon hydrogenation, the value of gqy¢ at
o =75 MPa is 2.5 times lower than in the initial crys-
tal. These stresses are insufficient to cause fracture of
the self-accommodating B19' martensite structure in
hydrogenated crystals. Therefore, hydrogen increases
the resistance to motion of the intervariant and twin
boundaries in martensite as compared to that in the
absence of hydrogen, which agrees with the increasing
G.(M;) value. Hence, in order to reach theoretical val-
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Fig. 2. SME magnitude at a constant tensile stress of c = 75 MPa in [T 11 ] single crystals of Ti—50.7% Ni (at %) alloy: (a) in the

absence of hydrogen; (b, ¢) upon electrochemical hydrogenation at 7= 295 K and current density j = 1400 A/m2 for 2 and 4 h,
respectively. The insets show the corresponding X-ray diffraction patterns of the phase composition of samples.

ues of lattice deformation g, in hydrogenated crystals,
it is necessary to increase external stresses.

In hydrogen-free [ 111 ] single crystals, the SE in a
temperature interval from A;to M, is not observed. At
a preset strain of g, = 2.5% in the first cycle, revers-
ible deformation at 7= 274 K is g,., = 1% and a perfect

400
£ 300
=
4 200
S
“ 100
‘Srev 7
0 e —— | 1 1
2 4 6 8 10 12 14 16
Strain, %

Fig. 3. Stress—strain (c—e¢) curve measured in tension at
262 K for a [111] single crystal of Ti—50.7% Ni (at %)
alloy upon 2-h electrochemical hydrogenation at 7 =
295 K and current density j = 1400 A/mz.
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loop is not formed; at €., = 35%, the reversible defor-
mation increases to 2.5%. The crystal is not fractured
even at g, > 35%. Upon the 2-h hydrogenation, the
SE on alevel of 2.5% is observed at temperatures from
262 to 274 K and ¢, amounts to 3% when &,
12.5% (Fig. 3). For €., > 12.5%, the hydrogenated
crystals are subject to fracture. Upon 4-h hydrogena-
tion, g,, = 1% and the samples are fractured even at

e..>4%.

exp
The data in Fig. 2a show that, in hydrogen-free
crystals, the values of supercooling A, = M—M, and
superheating A, = A—A,, as well as the magnitudes of
thermal hysteresis I} = A—M, and ', = M—A,, are
equal to each other (see table) and, hence, the thermal
hysteresis loop is symmetric. Hydrogenation leads to
an increase in A, A,, and I, values as compared to
those for the hydrogen-free crystal (see table). As a
result, the thermal hysteresis loop becomes asymmet-
ric (I'y < I',). Previously, the asymmetric hysteresis
loop was observed in crystals of Ti—51 at % Ni alloy at
B2—R—B19' MT in precipitation of Ti;Ni, particles
[7]. As can be seen from Fig. 2 and the table, the
reverse MT in the initial crystals starts at A, > M, while
the 4-h hydrogenation makes the A, and M, tempera-
tures close to each other because hydrogen strongly
affects M, and weakly influences A [8].

No.3 2015



THE EFFECT OF HYDROGEN ON SHAPE MEMORY EFFECT

The X-ray diffraction patterns of hydrogen-free
crystals at room temperature showed the presence of
diffraction peaks of the B2 phase, while the patterns of
samples hydrogenated for 4 h contained the diffrac-
tion peaks of the B2 phase and TiNi; particles (see the
inset to Fig. 2¢). The measurements of thin crystalline
foils hydrogenated for 4 h revealed titanium hydride
(TiH) phase. Therefore, hydrogen possessing a high
diffusion mobility at room temperature can favor the
formation of a stable TiNi; phase, which usually
appears in nonequiatomic TiNi alloys only as a result
of long-term annealing at temperatures on the order of
850 K [1]. This conclusion agrees with data reported
for hydrogenated single- and polycrystalline TiNi
alloys [5, 8]. The formation of TiNi; and TiH phase
particles in hydrogen-saturated TiNi crystals leadsto a
decrease in the Ni concentration in the matrix and the
appearance of internal stresses due to a difference in
the atomic parameters of these particles and the
matrix. According to [9, 10] this causes an increase in
M and a sharp decrease in the plasticity. The interac-
tion of B19' martensite with TiNi; and TiH particles
leads to an increase in 6,(M;) and I', for the reverse
B19'—B2 MT and does not provide conditions for the
SE [1]. In crystals hydrogenated for 2 h, the TiNi; and
TiH phases were not detected by electron microscopy
and X-ray diffraction techniques. Therefore, hydrogen
upon 2 h saturation of samples occurs in the solid solu-
tion. This is confirmed by a significant increase in the
level of internal stresses in the B2 phase, a small
increase in o,(M,), the appearance of SE and high
plasticity in the martensite as compared to the crystals
hydrogenated for 4 h.

Thus, the present investigation of [111] single
crystals of Ti—50.7% Ni (at %) alloy established that
their electrochemical hydrogenation increases the M,
temperature and o (M;) axial stress level, decreases
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plasticity, and leads to the appearance of superelastic-
ity. These phenomena are determined by induced
phase changes in the hydrogenated TiNi alloy, includ-
ing the formation of TiNi; and TiH particles.
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